Both the monophyly and inter-relationships of the major annelid groups have remained uncertain, despite intensive research on both morphology and molecular sequences. Morphological cladistic analyses indicate that Annelida is monophyletic and consists of two monophyletic groups, the clitellates and polychaetes, whereas molecular phylogenetic analyses suggest that polychaetes are paraphyletic and that sipunculans are crown-group annelids. Both the monophyly of polychaetes and the placement of sipunculans within annelids are in conflict with the annelid fossil record-the former because Cambrian stem taxa are similar to modern polychaetes in possessing biramous parapodia, suggesting that clitellates are derived from polychaetes; the latter because although fossil sipunculans are known from the Early Cambrian, crown-group annelids do not appear until the latest Cambrian. Here we apply a different data source, the presence versus absence of specific microRNAs-genes that encode approximately 22 nucleotide non-coding regulatory RNAs-to the problem of annelid phylogenetics. We show that annelids are monophyletic with respect to sipunculans, and polychaetes are paraphyletic with respect to the clitellate Lumbricus, conclusions that are consistent with the fossil record. Further, sipunculans resolve as the sister group of the annelids, rooting the annelid tree, and revealing the polarity of the morphological change within this diverse lineage of animals.
INTRODUCTION
Annelids are a spectacularly diverse and widespread group of animals, inhabiting both marine and terrestrial habitats, and exhibiting a variety of lifestyles. The lack of a robust phylogenetic tree, however, has hindered our understanding of the evolution of this group, especially for higher level taxa. Morphological cladistic analyses recovered annelids as monophyletic, and identified the clitellates and polychaetes as reciprocally monophyletic lineages (Rouse & Fauchald 1997 ) (figure 1a). However, when this hypothesis was tested with molecular phylogenetics, the results suggested that the clitellates are nested within the polychaetes, making the latter paraphyletic. Curiously, however, non-annelid taxa like phoronids, nemerteans and/or various molluscan taxa (e.g. aplacophorans and gastropods) are also nested within the polychaetes (Bleidorn et al. 2003; Hall et al. 2004; Colgan et al. 2006; Rousset et al. 2007; Helmkampf et al. 2008) , rendering the position of the annelid root, and hence the polarity of morphological changes, uncertain (Rousset et al. 2007) .
While the likelihood that molluscs and phoronids lie within the Annelida appears small, a consensus has emerged that at least some of the unsegmented protostome phyla lie near or within the modern diversity of annelids (Halanych et al. 2002; . In particular, virtually every recent molecular phylogenetic study, including studies using data as diverse as ribosomal DNA, complete mitochondrial genomes and expressed sequence tags, finds Sipuncula nested within what are traditionally considered annelids (Colgan et al. 2006; Hausdorf et al. 2007; Rousset et al. 2007; Struck et al. 2007; Dunn et al. 2008; Xin et al. 2009 )-only Mwinyi et al. (2009) found sipunculans outside of what are traditionally considered annelids. But interpreting these results is problematic as no study shows a statistically robust signal-indeed as lamented by Rousset et al. (2007) , ' . . . resolution remains discouraging: rarely so many taxa have been sequenced for so many nucleotides with such sparing results'-and there is an almost total lack of congruence between one study and the next. Indeed, when only four taxa are considered (sipunculans, clitellates and the two polychaete taxa Nereis and Capitella), two different and completely non-overlapping hypotheses were generated by the two most recent and large-scale analyses: Rousset et al. (2006) found that Capitella was basal with clitellates the sister group to Nereis (figure 1b), whereas Struck et al. (2007) found that Nereis was basal with clitellates the sister group to sipunculans (figure 1c).
A previously unremarked feature of these results is that both the monophyly of polychaetes with respect to clitellates (figure 1a) and the paraphyly of annelids with respect to sipunculans (figure 1b,c) are in direct conflict with the fossil record of both annelids and sipunculans (figure 1d ). Annelids first appear in the fossil record in the Early Cambrian Sirius Passet fauna of North Greenland: Phragmochaeta bears biramous parapodia with notochaetae and neurochaetae (Conway Morris & Peel 2008) , a feature characteristic of living polychaetes, but not clitellates. Six additional genera are known from the Middle Cambrian Burgess Shale, all with parapodia, and all apparently representing stem-group annelids (Eibye-Jacobsen 2004). The annelid crown group does not appear until the latest Cambrian with the appearance of scolecodonts, the jaws of polychaete worms (Hints & Eriksson 2007) . These jaw elements are present among a subset of living polychaete groups, but not present in any Early or Middle Cambrian polychaete (Conway Morris 1979; Budd & Jensen 2000; Eibye-Jacobsen 2004) . Thus, based on our current knowledge of the fossil record, the polychaete, rather than the clitellate, body plan is primitive for Annelida, as opposed to suggestions from the cladistic morphological perspective that supports the reciprocal monophyly of Polychaeta and Clitellata (Rouse & Fauchald 1997 ) (figure 1a) and the primitiveness of the clitellate body plan for Annelida (Bartolomaeus et al. 2005) .
The paraphyly of annelids with respect to sipunculans is also problematic when the fossil record is taken into account because sipunculans first appear in the Early Cambrian Chengjiang fauna of China (Huang et al. 2004 ) (figure 1d). If sipunculans were crown-group annelids (figure 1b,c), this would indicate diversification of the annelid crown group before the Early Cambrian (approx. 520 Ma), even though it is not represented in the fossil record until the latest Cambrian (approx. 490 Ma) ( figure 1d ). This striking discordance suggests that either the fossil record of annelids or that most of the molecular hypotheses of their relationships are unreliable. In view of this conflict, and the fact that adding more taxa and more sequences to molecular phylogenetic analyses has not resolved these problems, we approached the problem of deep annelid systematics by using an independent molecular dataset, the presence or absence of specific microRNAs (miRNAs). miRNAs, which are an emerging new dataset for metazoan phylogenetics ), show four properties that make them excellent phylogenetic markers: (i) miRNAs experience very few substitutions to the mature sequence over time, (ii) new miRNA families are continually incorporated into metazoan genomes through time; (iii) miRNAs are almost impossible to evolve convergently, and (iv) miRNAs show only rare instances of secondary loss (Sempere et al. 2006; Wheeler et al. 2009 ). Because of these four properties, miRNAs can be applied to virtually any area of the metazoan tree, from the inter-relationships of Drosophila species to metazoan superphyla ). Here we demonstrate that the presence/absence pattern of miRNAs strongly supports the monophyly of annelids with respect to the sipunculans, at least for the taxa tested, and the paraphyly of the polychaetes with respect to clitellates, results that are consistent with the known fossil record.
MATERIAL AND METHODS
(a) Taxon sampling Using 454 sequencing of small RNA libraries, coupled with genomic searches, Wheeler et al. (2009) demonstrated that the two polychaete taxa Capitella sp. and Nereis diversicolor share seven miRNA families that are not present in any other metazoan analysed to date, including the two gastropod molluscs Haliotis rufescens and Lottia gigantea and the nemertean Cerebratulus lacteus. These two polychaetes were chosen (Wheeler et al. 2009 ) because the genome of Capitella sp. has been sequenced, and the morphological cladistic analysis of Rouse & Fauchald (1997) resolved the last common ancestor of Capitella and Nereis as the last common ancestor of all living polychaetes. Furthermore, although virtually all molecular analyses suggest that polychaetes are paraphyletic, all show that clitellates are more closely related either to Capitella or to Nereis among the polychaetes considered (Bleidorn et al. 2003; Hall et al. 2004; Colgan et al. 2006; Rousset et al. 2006; Struck et al. 2007; Dunn et al. 2008) . Thus, for an initial investigation into miRNA evolution in annelids, analysing the descendants of the last common ancestor of Capitella and Nereis captures much of modern polychaete, if not modern annelid, diversity.
To determine whether miRNAs could resolve the interand intra-relationships of annelids, we built and sequenced small RNA libraries from the clitellate Lumbricus sp. (collected in Hanover, NH, USA) and the sipunculan Phascolosoma agassizii (collected in Friday Harbor, WA, USA, and kindly donated by R. Elahi) and compared these data with previously published data from the polychaetes N. diversicolor and Capitella sp. (Wheeler et al. 2009 ). To test the monophyly of Annelida with respect to other lophotrochozoan phyla, we built and sequenced small RNA libraries from the aplacophoran mollusc Chaetoderma nitidulum (collected at Kristineberg, Sweden, and kindly donated by M. Obst) and the phoronid Phoronis architecta (purchased from Gulf Specimens Marine Supply, Panacea, FL, USA), and compared these data with those from the annelids and with previously published data from the gastropod molluscs Haliotis and Lottia and the nemertean Cerebratulus (Wheeler et al. 2009 ). Pooled, bar-coded small RNA libraries were constructed as described by Wheeler et al. (2009) and were sequenced at the Yale Center for Genomics and Proteomics using 454 sequencing technology (Margulies et al. 2005) . The numbers of parsed and non-redundant reads for each taxon are listed in electronic supplementary material, file 1.
(b) miRMINER An updated version of the program 'miRMINER' (Wheeler et al. 2009 ) was used to identify known miRNAs and to generate a list of potential novel miRNAs. Shared sequences between two or more taxa were BLASTed against the Capitella sp. genomic trace archive and any resulting hit was folded using mfold (Zuker et al. 1999) as described in Wheeler et al. (2009) . To identify candidate miRNA genes specific to the Capitella output, a semi-automated method written in Python (available from the authors upon request) was developed that annotates non-conserved transcripts from the 454 small RNA library. The input file containing the sequence of small RNAs obtained by 454 sequencing was parsed to retain sequences between 19 and 25 bp long, as Wheeler et al. (2009) found no miRNAs outside this size range. These retained sequences were blasted against the Capitella sp. whole genome sequence (release v. 1.0, 23 August 2007, http://genome.jgi-psf.org/Capca1/Capca1. home.html), and sequences matching the genome more than 10 times were considered repeats and discarded. A 140 nucleotide (nt) sequence fragment (called a 'putative pre-miRNA') around each putative mature sequence in the remaining dataset was extracted from the whole genome sequence extending 60 nt upstream of the putative mature sequence and 140 nt long in total. Two minimum energy secondary structures for each of these putative pre-miRNAs were predicted (one for positions 1 -100 and the other for positions 40-140) using the Vienna RNA Package (RNAFOLD v. 1.7, http://www.tbi.univie.ac.at/RNA) (Gruber et al. 2008 (d) Phylogenetic analyses Seventy-three miRNA families were coded as presence/ absence for 11 taxa with data generated during this study, and taken from miRBase v. 13 using MACCLADE v. 4.08 (Maddison & Maddison 2005) . Phylogenetic analyses used PAUP* v. 4.0b10 (Swofford 2002 ). Bremer support indexes (Bremer 1994) were calculated using TREEROT. v. 3 (Sorenson & Franzosa 2007) .
RESULTS AND DISCUSSION
(a) The monophyly of Annelida and Polychaeta First, we tested the monophyletic status of Annelida with respect to Sipuncula by determining whether any of the complement of miRNAs specific to Capitella were found in both Nereis and Lumbricus with respect to Phascolosoma. Although morphological analyses indicate that this should be the case (e.g. figure 1a ), virtually all molecular analyses (figure 1b,c) resolve sipunculans as annelid worms, nested within the current diversity of annelids (Bleidorn et al. 2003 (Bleidorn et al. , 2006 Hall et al. 2004; Colgan et al. 2006; Rousset et al. 2007; Struck et al. 2007; Dunn et al. 2008; Xin et al. 2009) , and therefore as crown-group (Jefferies 1979; Budd 2001) annelids. Indeed, recent investigations into neural patterning suggest that, as in echiurans (Hessling 2002) , most signs of segmentation may have been secondarily lost in sipunculans (Kristof et al. 2008) . Second, we determined whether Polychaeta (Nereis þ Capitella) is monophyletic or paraphyletic with respect to Lumbricus-the former hypothesis predicts that Capitella shares a subset of miRNAs with Nereis, which are not found in Lumbricus; the latter predicts that either Capitella or Nereis shares miRNAs with Lumbricus, but not with the other polychaete. In order to test the monophyly of both Annelida and Polychaeta, we identified all known and novel miRNAs found in our Capitella small RNA library. In addition to the 50 known families that annelids share with other metazoans (electronic supplementary material, file 1), and the seven miRNA families restricted to annelids identified by Wheeler et al. (2009) , we identified another 37 novel families of miRNAs in Capitella sp. (electronic supplementary material, file 2). Each of the miRNA genes constituting these 37 families was expressed in our small RNA library at least once, and the surrounding genomic region folds into a diagnostic hairpin structure (Ambros et al. 2003) . Further, eight of these genes express both arms of the hairpin and, as described below, nine of these miRNA families are phylogenetically conserved in other taxa. This brings the total known miRNA diversity of Capitella to 123 genes grouped into 94 miRNA families (electronic supplementary material, table S1). miRMINER uses cross-species conservation to help identify novel miRNAs (Wheeler et al. 2009 ). miRMINER found five sequences that are conserved in the annelid taxa under consideration, but absent in the sipunculan and in all other taxa explored thus far for their respective miRNA complements. Three of these five sequences were the previously identified 'annelid-specific' miRNAs miR-1987 miR- , -1998 miR- and -1999 miR- (Wheeler et al. 2009 ). The other two genes are two new genes identified herein, miR-2688 and miR-2692 (electronic supplementary material, file 1). These data support the monophyly of Annelida with respect to Sipuncula. Our data also support the paraphyly of Polychaeta because the clitellate Lumbricus shares four novel miRNA families with the polychaete Capitella that are not found in Nereis or Phascolosoma (or any other metazoan taxon): miR-2686, -2687, -2690, and -2693 (electronic supplementary material, file 1). One of these families, miR-2686, consists of multiple genes that are expressed copiously in both Capitella and Lumbricus (electronic supplementary material, file 1); all are on the same genomic trace in Capitella, suggesting that they are transcribed as a polycistron ( figure 2a) . Further, Capitella and Lumbricus both express the antisense strand of a paralogue of miR-10, miR-10c, a transcript not detected in any other taxon analysed (figure 2b).
Because these comparisons are necessarily made with respect to Capitella, the only annelid with a sequenced genome, it is possible that Phascolosoma, Nereis and/or Lumbricus share miRNAs not found in Capitella, which would affect our phylogenetic inferences. However, examination of all the shared small RNA sequences (i.e. potential miRNAs) identified by miRMINER indicates that this is unlikely. One hundred and thirty small RNA sequences between 20 and 24 nt in length are shared between at least two of the four taxa: the 10 novel miRNAs discussed above; 68 edits and/or seedshifts (Wheeler et al. 2009 ) of known (miRBase v. 13) or novel miRNAs; and 46 degraded tRNAs, rRNA, snRNAs and mRNAs, as ascertained by BLAST. Only three unidentified RNAs are shared between Phascolosoma and Nereis, and only two between Phascolosoma and Lumbricus. Even if all five of these were miRNAs, which is unlikely given the ratio between degraded non-miRNA gene products and bona fide miRNAs in our libraries (Wheeler et al. 2009 ), this would not refute our main conclusion, that the hypotheses presented in figure 1a -c are inconsistent with our miRNA data.
(b) Exploration of molluscan microRNAs
Because there is a long standing hypothesis that molluscs and sipunculans are closely related (Scheltema 1993) , and because aplacophoran and/or gastropod molluscs sometimes appear within Annelida in molecular phylogenetic analyses (e.g. Rousset et al. 2007) , we built and analysed a small RNA library from the aplacophoran C. nitidulum, and analysed these data in conjunction with those from the gastropods Haliotis and Lottia (Wheeler et al. 2009 ). Chaetoderma shares with the two gastropods a novel miRNA family, miR-2722, a miRNA not found in the small RNA libraries of either the sipunculan or any of the annelids (electronic supplementary material, file 1). However, the sipunculan shares with the annelids seven families of miRNAs: miR-1995, -1996, -1997, -2000, -2685, -2689 and -2692-none of these miRNAs were found in any of the mollusc RNA libraries (electronic supplementary material, file 1) or in the genomic traces from Lottia. These data support the hypothesis that sipunculans are more closely related to annelids than either are to molluscs.
(c) Experimental validation of microRNA results
We used Northern analysis to confirm that some of these miRNAs are indeed expressed as approximately 22mers in total RNA preparations. As expected, we were able to show the expression of miR-1997 in the two annelids (Nereis and Lumbricus) as well as the sipunculan at the correct size, but transcripts were not detected in the bivalve mollusc Mytilus ( figure 2b ). In addition, we detected transcripts of miR-2688 in Lumbricus and Nereis, but not in Phascolosoma or Mytilus, and transcripts of miR-10c-antisense in Lumbricus, but in none of the other taxa queried (figure 2b). We also confirmed that the mature reads of several of these miRNAs are processed from a genomic DNA region that folds into a stable hairpin structure (Ambros et al. 2003) in taxa from which the genome has not yet been sequenced (figure 2b, and electronic supplementary material, file 2).
(d) The root of the annelid tree We next investigated whether sipunculans are the sister taxon of annelids. In addition to echiurans, sipunculans and, on occasion, various molluscan taxa (see above), molecular phylogenetic studies have found other nonannelid taxa, such as phoronids and nemerteans, nested within the annelids as well (Bleidorn et al. 2003; Hall et al. 2004; Colgan et al. 2006; Rousset et al. 2007; Helmkampf et al. 2008) . Because identifying close relatives that are not actually annelids has proved so problematic, the position of the root of the annelid tree is effectively unknown (Rousset et al. 2007) . Hence, we Figure 2 . miRNAs suggest that annelids are monophyletic with respect to the sipunculan P. agassizii, but that polychaetes are paraphyletic with respect to the clitellate Lumbricus sp. (a) miRNA family 2686, transcripts of which were found only in Capitella and in Lumbricus. In both taxa, multiple mature reads were found (see alignment), and in Capitella all three genes are embedded in the same genomic trace (shown in bold capital letters) and are likely to be processed from a single polycistronic transcript. The star sequence of miR-2686 was also found in the Capitella small RNA library (shown in bold small letters both on the polycistron and in the structure of miR-2686a). (b) Predicted secondary structure (top, miR-1995) and Northern analyses (bottom) for miRNAs restricted to the sipunculan þ annelid clade. As expected from the 454 library reads (electronic supplementary material, file 1), transcripts of miR-1997 were detected in the sipunculan Phascolosoma (P) and the two annelids Nereis (N) and Lumbricus (L), but not in the mollusc Mytilus (M). In addition, transcripts of miR-2688 were only detected in the two annelids, and transcripts of miR-10c-antisense were detected only in Lumbricus; transcripts of miR-1990 were only detected in the bivalve, but not in the sipunculan nor in any of the annelids, consistent with the 454 read data (electronic supplementary material, file 1). (c) Maximum parsimony analysis of 71 miRNA families in 13 metazoan taxa using the demosponge Amphimedon as the outgroup (electronic supplementary material, file 3). The maximum parsimony analysis with all characters unordered and unweighted finds 11 equally shortest trees at 107 steps (CI ¼ 0.66; RI ¼ 0.75). Bremer support values are shown at each node. Black circles indicate that the miRNA family is known to occur in that taxon; empty circles indicate that the miRNA family was not cloned in the library (e.g. Chaetoderma) or not found in the genomic traces (e.g. Lottia) in that specific taxon. miRNAs not detected in our Capitella small RNA library, but found in the genome, are shown in grey. Note that lowly expressed miRNAs are often absent from miRNA libraries (e.g. miR-124), but present in genomic sequences when available (electronic supplementary material, file 1).
microRNAs and annelid systematics E. A. Sperling et al. 4319 constructed and sequenced one additional 454 library, from the phoronid P. architecta, and analysed these data in conjunction with those from the nemertean Cerebratulus (Wheeler et al. 2009 ). As in the case with molluscs, none of the annelidþsipunculan-specific miRNAs, nor any of the annelid-specific miRNAs, were found in either the phoronid or the nemertean (electronic supplementary material, file 1), strongly suggesting that annelids are monophyletic, and that sipunculans are the sister group of annelids. To test this hypothesis, we coded 13 taxa for the presence/absence of 71 miRNA families and analysed the resulting data matrix (electronic supplementary material, figure S3 ) with PAUP* (Swofford 2002) using maximum parsimony and decay analysis (Bremer 1994) . The resulting strict-consensus tree (figure 2c) confirms that annelids are monophyletic and that sipunculans are indeed the annelid sister taxon. Further, both the nemertean and phoronid are outside of the clade Sipuncula þ Annelida, and with Mollusca cluster into an unresolved polytomy. Finally, although annelids are monophyletic, polychaetes are not-Capitella is more closely related to Lumbricus than to Nereis (figure 2a).
(e) Exploring the annelid crown group for conserved microRNAs One difficulty in addressing the monophyly of annelids with respect to sipunculans is identifying the annelid crown group. Although we chose Capitella and Nereis as the two taxa whose last common ancestor is most likely the last common ancestor of all living annelids (see above, and figure 3a), it remains possible, even likely, that other annelid taxa are more basal. A recent largescale EST analysis, for example, suggested that the polychaete worm Chaetopterus is either basal to or falls within a clade that consisted of all other annelids plus the sipunculan (Dunn et al. 2008) . Other studies support a relationship between sipunculans and a specific polychaete group- Struck et al. (2007) suggested a relationship between sipunculans and terebellid polychaetes, whereas Rousset et al. (2007) suggested a relationship between sipunculans and orbiniid polychaetes (see also Hall et al. 2004; Bleidorn et al. 2006) . Because the mature sequence of most metazoan miRNAs is so conserved (Wheeler et al. 2009 ), we explored the annelid phylum with Northern analysis using miR-2688 and miR-10c-antisense as probes (two of the highest expressed miRNAs, electronic supplementary material, file 1). We examined the total RNA of three terebellid polychaetes, Thelepus, Amphitrite and Pectinaria, as well as Chaetopterus, the orbiniid Scoloplos, the onuphid Diopatra and the arenicolid Abarenicola ( figure 3a) . Northern analysis detected transcripts of the correct size (approx. 22 nt) hybridizing to the miR-2688 probe in all of these polychaete species (figure 3b). Interestingly, when miR-10c-antisense was used as a probe, only Abarenicola showed a hybridization signal (figure 3b), consistent with the hypothesized close relationship between arenicolids and capitellids (Rouse & Fauchald 1997) .
To determine whether these transcripts arise from miRNA loci, we constructed a genome-walker library from the polychaete Chaetopterus. Using the inferred mature sequence as a primer ( §2), we amplified not only miR-2688 (figure 3c), as expected from the Northern result (figure 3b), but two other loci as well: miR-1997 and miR-1988 (electronic supplementary Figure 3. Exploration of the annelid crown group for annelid-specific miRNAs. (a) Phylogenetic perspective of the annelid taxa explored by Northern analysis and (b,c) genome walking in relation to Nereis and Capitella, according to Rouse & Fauchald (1997) . (b) Northern analysis using probes derived from the sequences of miR-2688 and miR-10c-antisense against the total RNA derived from the indicated taxon (see electronic supplementary material, file 2). Note that all annelids queried express miR-2688 as an approximately 22 nt RNA, but only Abarenicola appears to express miR-10c-antisense. (c) Predicted secondary structure of miR-2688 from the polychaete annelid Chaetopterus sp. derived from genome walking ( §2).
material, file 2). These data demonstrate that the sipunculan remains phylogenetically outside Annelida even when a broad spectrum of annelids is analysed using both Northern analysis and genome walking.
CONCLUSIONS
These results suggest that the hypotheses shown in figure 1a -c are incorrect. The miRNA data, like the evidence derived from the fossil record ( figure 1d ) and a recent mitochondrial gene study (Mwinyi et al. 2009) , support: (i) the paraphyly of polychaetes with respect to clitellates and the primitiveness of the polychaete body plan and (ii) the monophyly of annelids and a sister taxon relationship between annelids and sipunculans. The concordance of the miRNA phylogeny and the fossil evidence suggests that the earliest annelids were epibenthic, vagile, segmented organisms (Westheide 1997; Bartolomaeus et al. 2005) and not burrowing worms as sometimes assumed (Clark 1964; Fauchald 1974) , and that the absence of segmentation in sipunculans may be primitive. Finally, this study demonstrates the potential of miRNAs to reveal the broad pattern not only of the annelid evolutionary tree, but also that of other metazoan groups 
